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DVDQDXWRPRWLYHSRZHUSODQWFRXSOHGZLWKDODFNRISUDFWLFDODOWHUQDWLYHVPHDQVURDGWUDQVSRUWLQLWVSUHVHQWIRUP
FRXOG QRW H[LVWZLWKRXW WKHP+RZHYHU LQ UHFHQW GHFDGHV VHULRXV FRQFHUQV KDYH EHHQ UDLVHGZLWK UHJDUG WR WKH
HQYLURQPHQWDOLPSDFWRIWKHJDVHRXVDQGSDUWLFXODWHHPLVVLRQVDULVLQJIURPRSHUDWLRQRIWKHVHHQJLQHV$VDUHVXOW
HYHU WLJKWHQLQJ OHJLVODWLRQ WKDW UHVWULFWV WKH OHYHOV RI SROOXWDQWV WKDW PD\ EH HPLWWHG IURP YHKLFOHV KDV EHHQ
LQWURGXFHGE\JRYHUQPHQWVDURXQGWKHZRUOG,QDGGLWLRQFRQFHUQVDERXWWKHZRUOG¶VILQLWHRLOUHVHUYHVDQGPRUH
UHFHQWO\E\&2HPLVVLRQVEURXJKWDERXWFOLPDWHFKDQJHKDVOHDGSDUWLFXODUO\LQ(XURSHWRKHDY\WD[DWLRQRIURDG
WUDQVSRUWPDLQO\YLDRQGXW\RQIXHO7KHVHWZRIDFWRUVKDYHOHGWRPDVVLYHSUHVVXUHRQYHKLFOHPDQXIDFWXUHUVWR
UHVHDUFKGHYHORSDQGSURGXFHHYHUFOHDQHUDQGPRUHIXHOHIILFLHQWYHKLFOHV&$,+&&,FRPEXVWLRQUHSUHVHQWVIRU
WKHILUVWWLPHDFRPEXVWLRQWHFKQRORJ\WKDWFDQVLPXOWDQHRXVO\UHGXFHERWK12[DQGSDUWLFXODWHHPLVVLRQVIURPD
GLHVHOHQJLQHDQGKDV WKHFDSDELOLW\RIDFKLHYLQJVLPXOWDQHRXVUHGXFWLRQ LQIXHOFRQVXPSWLRQDQG12[HPLVVLRQV
IURPDJDVROLQHHQJLQH>@
+RPRJHQHRXV &KDUJH &RPSUHVVLRQ ,JQLWLRQ +&&, FRPEXVWLRQ LV UDGLFDOO\ GLIIHUHQW IURP WKH FRQYHQWLRQDO
VSDUNLJQLWLRQ6,FRPEXVWLRQLQDJDVROLQHHQJLQHDQGFRPSUHVVLRQLJQLWLRQ&,GLIIXVLRQFRPEXVWLRQLQDGLHVHO
HQJLQH7KHFRPELQDWLRQRIDGLOXWHGDQGSUHPL[HGIXHODQGDLUPL[WXUHZLWKPXOWLSOHLJQLWLRQVLWHVWKURXJKRXWWKH
FRPEXVWLRQ FKDPEHU HOLPLQDWHV WKH KLJK FRPEXVWLRQ WHPSHUDWXUH ]RQHV DQG SUHYHQWV WKH SURGXFWLRQ RI VRRW
SDUWLFOHVKHQFHSURGXFLQJXOWUDORZ12[DQGSDUWLFXODWHHPLVVLRQV>@+RPRJHQHRXV&KDUJH&RPSUHVVLRQ,JQLWLRQ
+&&,LVRQHRIWKRVHUHSUHVHQWDWLYHWHFKQRORJLHVEHLQJGHYHORSHGLQWKHILHOGRIHQJLQHFRPEXVWLRQ+&&,HQJLQHV
DUH H[SHFWHG WR KDYH KLJKHU HIILFLHQF\ WKDQ 6, HQJLQHV GXH WR WKHLU KLJK FRPSUHVVLRQ UDWLR DQG GLVSHQVDELOLW\ RI
WKURWWOH YDOYHV &RPSDUHG WR GLHVHO HQJLQHV WKH\ HPLW OHVV SDUWLFXODWH PDWWHUV DQG OHVV 12[ EHFDXVH RQO\ OHDQ
SUHPL[HGFRPEXVWLRQZLWKRXW ORFDO IXHOULFK]RQHV LVSUHVHQW'XH WRKRPRJHQHRXVPL[WXUH FRPEXVWLRQ VWDUWV DW
VHYHUDO SRLQWV VLPXOWDQHRXVO\ LQVLGH WKH FRPEXVWLRQ FKDPEHU LQVWHDG RI MXVW DURXQG WKH IXHO LQMHFWRU >@ 7KLV
SUHYHQWV WKH IRUPDWLRQRI IODPH IURQW DQG UHGXFHV WKHRYHUDOO WHPSHUDWXUH EHORZ. LQVLGH WKH FRPEXVWLRQ
FKDPEHUDQGKHQFHUHGXFHV12[IRUPDWLRQUDWHDVZHOO+&&,LVDQDOWHUQDWLYHSLVWRQHQJLQHFRPEXVWLRQSURFHVV
WKDWFDQSURYLGHHIILFLHQFLHVDVKLJKDVFRPSUHVVLRQLJQLWLRQGLUHFWLQMHFWLRQ&,',HQJLQHVDQDGYDQFHGYHUVLRQ
RI WKHFRPPRQO\NQRZQGLHVHOHQJLQHZKLOHXQOLNH&,',HQJLQHVSURGXFLQJXOWUDORZR[LGHVRIQLWURJHQ12[
DQGSDUWLFXODWHPDWWHU30HPLVVLRQV>@
+RPRJHQHRXV FKDUJH FRPSUHVVLRQ LJQLWLRQ +&&,ZDV ILUVW LGHQWLILHG DQG VWXGLHG E\2QLVKL >@ ,W LQYROYHV
FRPSUHVVLQJ D KRPRJHQRXV IXHODLUPL[WXUH XQWLO LW VHOIFRPEXVWV ,W GLIIHUV IURP GLHVHO FRPEXVWLRQ EHFDXVH WKH
FKDUJHLVSUHPL[HGDQGRQO\WKHQFRPSUHVVHGDQGLWGLIIHUVIURP6,FRPEXVWLRQEHFDXVHWKHLJQLWLRQLVVSRQWDQHRXV
DQGQRWVSDUNLQGXFHG7KHFRPEXVWLRQRFFXUUHQFHGHSHQGVRQFKHPLFDONLQHWLFVDQGWKHFRPSUHVVLRQSURFHVV>@
9HULILHG FKDUDFWHULVWLFV RI +&&, LQFOXGH  ,JQLWLRQ RFFXUV VLPXOWDQHRXVO\ DW QXPHURXV ORFDWLRQV ZLWKLQ WKH
FRPEXVWLRQFKDPEHU7UDGLWLRQDOIODPHSURSDJDWLRQDGYDQFHLVDEVHQW7KHUHLVQRQHHGRIDQH[WHUQDOHYHQWWR
LQLWLDWH LJQLWLRQ%RWK ULFKDQGH[WUHPHO\ OHDQ IXHOPL[WXUHVPD\EHXVHG&KDUJH LVFRQVXPHGUDSLGO\$
ZLGH YDULHW\ RI IXHOV PD\ EH XVHG  (VVHQWLDOO\ QR FRPSUHVVLRQ UDWLR OLPLWDWLRQV >@ 1RJXFKL HW DO >@
SHUIRUPHG D VSHFWURVFRSLF DQDO\VLV RQ+&&, FRPEXVWLRQ E\ H[SHULPHQWDOZRUNRQ DQ RSSRVHGSLVWRQ WZRVWURNH
HQJLQH7KH\QDPHG WKHFRPEXVWLRQSURFHVV DV ³76 7R\RWD6RNHQ&RPEXVWLRQ´)URPRSWLFDO LQYHVWLJDWLRQV LW
ZDVQRWHG WKDW LJQLWLRQ WRRNSODFHDWQXPHURXVSRLQWV WKURXJKRXW WKHF\OLQGHUDQGQRGLVFHUQLEOH IODPH IURQWZDV
REVHUYHGGXULQJFRPEXVWLRQ6SHFWURVFRSLFPHWKRGVZHUHXVHGWRGHWHFWWKHLQWHUPHGLDWHVSHFLHVDQGPHDVXUHGKLJK
OHYHOVRI&+2+2DQG2UDGLFDOVZLWKLQWKHF\OLQGHUEHIRUHDXWRLJQLWLRQ7KHVHVSHFLHVDUHFKDUDFWHULVWLFRIORZ
WHPSHUDWXUH DXWRLJQLWLRQ FKHPLVWU\ RI ODUJHU SDUDIILQLF K\GURFDUERQ IXHOV $IWHU LJQLWLRQ KLJK FRQFHQWUDWLRQV RI
&++DQG2+UDGLFDOVZHUHREVHUYHGZKLFKZHUHLQGLFDWLYHRIKLJKWHPSHUDWXUHFKHPLVWU\GXULQJWKHEXONEXUQ
7KHPHDVXUHPHQWV WHFKQLTXH LVSUHVHQWHG WRYLVXDOL]H WKHGLVWULEXWLRQRI WKH LQF\OLQGHUPL[WXUHE\ ODVHU LQGXFHG
IOXRUHVFHQFH /,) DQG DQ H[SHULPHQWDO DSSURDFK IRU DQDO\]LQJ WKH HIIHFW RI WKH WHPSHUDWXUH GLVWULEXWLRQSULRU WR
LJQLWLRQRQ+&&,FRPEXVWLRQ>@2OVVRQHWDO >@PRGLILHGDF\OLQGHU WUXFNHQJLQHIRU WXUERFKDUJHGGXDOIXHO
+&&, HQJLQH RSHUDWLRQ 7ZR GLIIHUHQW IXHOV HWKDQRO DQG QKHSWDQH DUH XVHG WR FRQWURO WKH LJQLWLRQ WLPLQJ 7KH
REMHFWLYHRIWKLVVWXG\LVWRGHPRQVWUDWHKLJKORDGRSHUDWLRQRIDIXOOVL]H+&&,HQJLQHDQGWRGLVFXVVVRPHRIWKH
W\SLFDOFRQVWUDLQWVDVVRFLDWHGZLWK+&&,RSHUDWLRQ7KLVVWXG\SURYHVWKHSRVVLELOLW\WRDFKLHYHKLJKORDGVXSWR
EDU%UDNH0HDQ(IIHFWLYH3UHVVXUH%0(3DQGXOWUDORZ12[HPLVVLRQVXVLQJWXUERFKDUJLQJDQGGXDOIXHO
1DMWDQG)RVWHU>@H[WHQGHGWKHZRUNWRIRXUVWURNHHQJLQHVDQGDWWHPSWHGWRJDLQDGGLWLRQDOXQGHUVWDQGLQJRI
WKH XQGHUO\LQJ SK\VLFV RI +&&, FRPEXVWLRQ 7KH\ XVHG D &)5 WHVW HQJLQH ZLWK YDULDEOH FRPSUHVVLRQ UDWLR DQG
FRQFOXGHGWKDW+&&,DXWRLJQLWLRQLVFRQWUROOHGE\ORZWHPSHUDWXUHEHORZ.FKHPLVWU\DQGWKHEXONHQHUJ\
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UHOHDVH LV FRQWUROOHG E\ WKH KLJK WHPSHUDWXUH DERYH  . FKHPLVWU\ GRPLQDWHG E\ &2 R[LGDWLRQ
&RUUHVSRQGLQJO\ LWZDVQRWHG WKDW+&&,FRPEXVWLRQVXIIHUV IURPD ODFNRI FRQWURORI WKH LJQLWLRQSURFHVVDQGD
OLPLWHGRSHUDWLQJUDQJH&RPELQHGZLWKWKHSUHYLRXVZRUNRI2QLVKL>@DQG1RJXFKL>@LWFDQEHFRQFOXGHGWKDW
XQOLNHWUDGLWLRQDO6,FRPEXVWLRQWKDWUHOLHVRQWKHIODPHSURSDJDWLRQDQGGLHVHOFRPEXVWLRQDQGLVKHDYLO\GHSHQGHQW
RQ WKH IXHODLU PL[LQJ +&&, FRPEXVWLRQ LV D FKHPLFDO NLQHWLF FRPEXVWLRQ SURFHVV FRQWUROOHG E\ WHPSHUDWXUH
SUHVVXUHDQGFRPSRVLWLRQRIWKHLQF\OLQGHUFKDUJH2QLVKL>@ZRUNHGLQRUGHUWRLQFUHDVHFRPEXVWLRQVWDELOLW\RI
WZRVWURNH HQJLQHV DQG WKLV WHFKQRORJ\ FRQWLQXHV WR EH VWURQJO\ SXUVXHG WRGD\ ,W ZDV FDOOHG µ$FWLYH 7KHUPR
$WPRVSKHUH&RPEXVWLRQ¶$7$&7KH\IRXQGWKDWVLJQLILFDQWUHGXFWLRQVLQHPLVVLRQDQGDQLPSURYHPHQWLQIXHO
HFRQRP\FRXOGEHREWDLQHGE\FUHDWLQJFRQGLWLRQVWKDWOHDGWRVSRQWDQHRXVLJQLWLRQRIWKHLQF\OLQGHUFKDUJH,WZDV
UHSRUWHG WKDW VWDEOH +&&, FRPEXVWLRQ FDQ EH DFKLHYHG EHWZHHQ ORZ DQG KLJK ORDG OLPLWV ZLWK JDVROLQH DW D
FRPSUHVVLRQUDWLRRIRYHUWKHHQJLQHVSHHGUDQJHIURPWRUSP
)URP OLWHUDWXUH UHYLHZ >@ LW LV REVHUYHG WKDW WKH QHZ HPLVVLRQ VWDQGDUGV DUH YHU\ FKDOOHQJLQJ DQG ZLOO
UHTXLUHDFRPELQDWLRQRI VWUDWHJLHV LQFOXGLQJGHYHORSPHQWRIDGYDQFHGFRPEXVWLRQV\VWHPV WR UHGXFHHQJLQHRXW
(PLVVLRQVGHYHORSPHQWRIDGHTXDWHUHOLDEOHDQGFRVWHIIHFWLYHDIWHUWUHDWPHQWV\VWHPVDQGLPSURYHPHQWVLQWKH
FRXSOLQJEHWZHHQ HQJLQH DQG DIWHUWUHDWPHQWV\VWHPRSHUDWLRQ7KHSUREOHPRI+&&, HQJLQH OLNHGURS LQSRZHU
VSHHG FDQ EH RYHUFRPH E\ IXHO PRGLILFDWLRQ >@ 3RODW >@ SURSRVHG WKDW GLH HWK\O HWKHU DQG HWKDQRO DUH WKH
SURPLVLQJIXHOIRU+&&,HQJLQH7KHUHVXOWVVKRZHGWKDWDSDUWIURPDGRSWLQJKLJKHUFRPSUHVVLRQUDWLRVDQGERRVW
SUHVVXUHV XVH RI KLJK VZLUO UDWLRV LV REVHUYHG WR EH FRQWULEXWLQJ WR D ODUJH H[WHQW LQ HQKDQFLQJ WKH UDWHV RI KHDW
WUDQVIHU ZKLFK ZRXOG OHDG WR VLJQLILFDQW UHGXFWLRQ LQ LQ±F\OLQGHU WHPSHUDWXUHV VXLWDEOH IRU ORZ 12[ HPLVVLRQ
IRUPDWLRQ LQ +&&, PRGH >@ +&&, LV DQ DWWUDFWLYH DGYDQFHG FRPEXVWLRQ SURFHVV WKDW RIIHUV WKH SRWHQWLDO IRU
VXEVWDQWLDOVLPXOWDQHRXVUHGXFWLRQRIERWK12[DQG30ZKLOHVWLOOSURYLGLQJKLJKGLHVHOOLNHHIILFLHQFLHV,Q+&&,
HQJLQHVFRPEXVWLRQRFFXUVDVDUHVXOWRIVSRQWDQHRXVDXWRLJQLWLRQDWPXOWLSOHSRLQWVWKURXJKRXWWKHYROXPHRIWKH
LQF\OLQGHU FKDUJH JDV 7KLV XQLTXH SURSHUW\ RI +&&, DOORZV WKH FRPEXVWLRQ RI YHU\ OHDQ RU GLOXWH PL[WXUHV
UHVXOWLQJLQORZEXONDVZHOODVORFDOFRPEXVWLRQWHPSHUDWXUHVWKDWGUDPDWLFDOO\UHGXFHHQJLQHRXW12[HPLVVLRQV
$OVRXQOLNHFRQYHQWLRQDOGLHVHOFRPEXVWLRQWKHFKDUJHLVZHOOPL[HGVR30HPLVVLRQVFDQEHYHU\ORZDOVR+HQFH
WKHSUHVHQWZRUNLVDLPHGDW WRGHYHORS+&&,HQJLQHE\PRGLI\LQJWKHFRPSUHVVLRQUDWLR LQWDNHDLU WHPSHUDWXUH
DQGRSWLPL]LQJ IXHOGHOLYHU\RIEDVH6, HQJLQHXVLQJJDVROLQHDVRSHUDWLQJ IXHO WR FRPSDUH WKHSHUIRUPDQFHDQG
HPLVVLRQFKDUDFWHULVWLFVRIDEDVH6,DQG+&&,HQJLQH

1RPHQFODWXUH
&$, FRQWUROOHGDXWRLJQLWLRQ
FF FXELFFHQWLPHWUH
&, FRPSUHVVLRQLJQLWLRQ
&2 FDUERQPRQR[LGH
+& K\GURFDUERQ
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
 ([SHULPHQWDOGHWDLOV
7KHWHVWHQJLQHXVHGIRUWKLVZRUNLVDFFDLUFRROHG6,HQJLQH*$*PDQXIDFWXUHGE\*UHDYHV&RWWRQ
/WG 7KH HQJLQH XVHG IRU WKHZRUN LV D OLJKWZHLJKW HQJLQH IRU ZKHHOHU DXWRPRWLYH DSSOLFDWLRQ 7KH VFKHPDWLF
GLDJUDPRIH[SHULPHQWDOVHWXSLVVKRZQLQ)LJXUHD7KHGHWDLOHGVSHFLILFDWLRQVRIWKHHQJLQHDUHJLYHQLQ7DEOH
(QJLQHZDV FRXSOHG WR DQ HGG\FXUUHQWG\QDPRPHWHUZKLFKKDV WKHFDSDFLW\RIRSHUDWLQJ DW KS#±
USP

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)LJXUHD([SHULPHQWDOVHWXSEKHDWHUZLWKLQWDNHPDQLIROGF0RGLILHGSLVWRQRI&5RIDQGGPRGLILHGSLVWRQRI&5RIDQG
7KH WHVWHQJLQHXVHGIRU WKHGHYHORSPHQWRI+&&,HQJLQH LVD VLQJOHF\OLQGHUPP[PPFF IRXU
VWURNHDLUFRROHG  RSHQ ORRSFDUEXUHWRUFRQWUROOHGHQJLQHEHLQJXVHGLQDZLGHYDULHW\RIZKHHOHUDXWRPRWLYH
YHKLFOHV ,QDQ ,&HQJLQHYDOYH WLPLQJ LVDQ LPSRUWDQWGHVLJQSDUDPHWHUZKLFKDIIHFWVPDQ\HQJLQHSHUIRUPDQFH
SDUDPHWHUV$VSHUYDOYHWLPLQJRIWKHHQJLQHWKHLQOHWYDOYHRSHQVDW&$EHIRUH7'&DQGFORVHVDWDIWHU
%'&DQGH[KDXVWYDOYHRSHQVDW&$EHIRUH%'&DQGFORVHVDW&$DIWHU7'&
 0HWKRGRORJ\
8WLOL]DWLRQRI+&&,LQLQWHUQDOFRPEXVWLRQHQJLQHVKDVXVXDOO\EHHQDSSURDFKHGHLWKHUE\FRQYHUWLQJDQH[LVWLQJ
VSDUNLJQLWLRQHQJLQHWR+&&,RSHUDWLRQ7KHVHOHFWLRQRIWKHEDVHPDFKLQHGHSHQGVXSRQWKHSXUSRVHDQGWKHILQDO
JRDO RI FRQYHUVLRQ7KH VSDUN LJQLWLRQ+&&,RSHUDWLRQRI DQ H[LVWLQJ6, HQJLQHZRXOG QRUPDOO\ UHWDLQ LWV SHWURO
RSHUDWLQJFDSDFLW\IRUQHHGRIDQDVVXUHGRSHUDWLRQDOEDFNXS$QRWKHULPSRUWDQWIDFWRIWKHILUVWDSSURDFKLVWKDWQR
PDMRUPRGLILFDWLRQVDUHSHUPLVVLEOHDQGWKHUHIRUHWKHSHUIRUPDQFHLQWHUPVRISRZHUDQGHIILFLHQF\FDQDWEHVWEH
FRPSDUDEOHWRH[LVWLQJSHWURORSHUDWLRQ7KHEDVH6,HQJLQHFDQEHFRQYHUWHGWRGHGLFDWHG+&&,HQJLQHZLWKPDMRU
PRGLILFDWLRQVVXFKDV,QWURGXFWLRQRILQWDNHKHDWHU5HGHVLJQRISLVWRQJHRPHWU\&KDQJHVLQFDUEXUHWRU
,QWDNHKHDWHUSOD\VDQ LPSRUWDQW UROH LQ+&&,HQJLQH ,W UHOHDVHVKHDWDQGKHDWV WKH LQWDNHDLU WRPDLQWDLQ WKH
VXIILFLHQWWHPSHUDWXUHRILQWDNHDLUIXHOFKDUJHIRUWKHFRPEXVWLRQLQFRPEXVWLRQFKDPEHU,QWKLVZRUNWKHKHDWHU
ZDVSRZHUHGZLWK$&VXSSO\IRULWVZRUNLQJ7KHKHDWHUZDVPDGHXVLQJYDULRXVPDWHULDOVFRQVLGHULQJPLQLPXP
UHMHFWLRQRIKHDWWRDWPRVSKHUH7KHPDQXIDFWXUHGKHDWHULVVKRZQLQ)LJXUHE
7KH UHGHVLJQRI WKHFRPEXVWLRQERZOVSDFH WRSURYLGHVXLWDEOHFRPSUHVVLRQ UDWLRDQG LQFDVHRI
+&&,DQGWRHQVXUHUHTXLVLWHDPRXQWRIDLUPRWLRQQHHGHGIRUSUHPL[HGPL[WXUHKDVEHHQFDUULHGRXW,QWKHSUHVHQW
FDVHIODWSLVWRQKDVEHHQXVHGDVVKRZQLQ)LJXUHF7KHRULJLQDOGHVLJQEHLQJD',W\SHKDGDERZOLQWKHSLVWRQ
KHDGDVWKHFRPEXVWLRQVSDFHDVVKRZQLQWKHILJXUH7KHEXPSLQJFOHDUDQFHZDVPP,QWKHPRGLILHGSLVWRQ
WKHEXPSLQJFOHDUDQFHLVPP7KHVTXLVKDUHDKDVEHHQUHGXFHGIURPWR7KH&\OLQGULFDO%RZOLQ
SLVWRQDVVKRZQLQILJXUHLVNQRZQWRSURYLGHUDGLDOPRWLRQRIWKHFKDUJHZKLFKDORQJZLWKWKHUHVLGXDOVZLUODQG
VTXLVK VXFFHVVIXOO\ FUHDWHV WKH UHTXLUHG WXUEXOHQFH 7KHVH DUH WKH RULJLQDO *$,,, GLHVHO HQJLQH SLVWRQ
FRPSUHVVLRQUDWLRKDYLQJVDPHERUHDV*$*ZLWKGLIIHUHQWVNLUWOHQJWK7KHERZOYROXPHLVFDOFXODWHGE\
KLW DQG WUDLO PHWKRG 6R WKH DSSURSULDWH FRPSUHVVLRQ UDWLR LV REWDLQHG IRU FRPEXVWLRQ RI +&&, HQJLQH 7KH
JHRPHWU\RIWKHSLVWRQLVFKDQJHGPRGLILHGZLWKWKHKHOSRI3URHQJLQHHUPRGHOLQJVRIWZDUH7KHPRGLILHGSLVWRQV
ZLWKFRPSUHVVLRQUDWLRRIDQGDUHVKRZQLQ)LJXUHG
,WKDVEHFRPHQHFHVVDU\IRUWKHFDUEXUHWRUXVHUWRXQGHUVWDQGWKHIXQFWLRQRIHDFKFRPSRQHQWVRIWKHFDUEXUHWRU
VR WKDW WKHEHVWSHUIRUPDQFHFDQEHDFKLHYHG7KHFDUEXUHWRUXVHG LVDVLGHGUDXJKWYDULDEOHFKRNHPHFKDQLFDOO\
FRQWUROOHG FDUEXUHWRU 7KH WKURWWOH VOLGH KDV WKHPHWHULQJ QHHGOH DWWDFKHG WR LW 7KH SLORW V\VWHP SURYLGHV D ULFK
PL[WXUHDWLGOHDQGORZVSHHGVZKHQQRWHQRXJKDLULVEHLQJGUDZQWKURXJKWKHFDUEXUHWRUWRFDXVHWKHPDLQV\VWHP
WRRSHUDWH7KHSLORWFLUFXLWFRQVLVWVRIDSLORW MHWDQGDLUVFUHZ WRSURYLGHPL[WXUHRIDLUDQGIXHODW LGOHDQG ORZ
VSHHGV 7KH PDLQ V\VWHP FRQVLVWV RI MHW QHHGOH QHHGOH MHW PDLQ MHW DQG PDLQ DLU MHW $Q DLU EOHHG FLUFXLW LV
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LQFRUSRUDWHGLQWKHPDLQPHWHULQJV\VWHP7KHDLUEOHHGDLGVIXHOYDSRUL]DWLRQE\LQWURGXFLQJDLULQWRWKHIXHOEHIRUH
LWHQWHUVWKHDLUVWUHDPWKURXJKWKHYHQWXUH7HVWVDUHFRQGXFWHGZLWKWZRGLIIHUHQWPDLQMHWVYL]0-DQG0-
7KHPDLQMHWZLWKVPDOOHUGLDPHWHUKDVEHHQXVHGIRUPHHWLQJWKHOHDQEXUQSKHQRPHQRQRI+&&,HQJLQH

 5HVXOWVDQGGLVFXVVLRQ
$FFRUGLQJ WR REMHFWLYH ILUVW RI DOO UHTXLUHGPRGLILFDWLRQ DQG LQVWUXPHQWDWLRQZDV GRQH DQG WKH H[SHULPHQWDO
VHWXSZDVFRPSOHWHG)RUWKH+&&,VHWXSDODUJHQXPEHURIVXEV\VWHPVLQWDNHPDQLIROGIXHOLQGXFWLRQV\VWHPDQG
KHDWHU HWF ZHUH IDEULFDWHG DQG WHVWHG VHSDUDWHO\ 7KLV VHFWLRQ FRQWDLQV WKH GHWDLOHG GHVFULSWLRQ RI UHVXOWV DQG
GLVFXVVLRQEDVHGRQIROORZLQJSDUDPHWHUV
x (QJLQHSHUIRUPDQFHDQDO\VLV7KLVDQDO\VLV LVEDVHGRQWKHTXDOLWDWLYHSHUIRUPDQFHDFKLHYHGLQ+&&,
PRGHDQGLWVFRPSDULVRQZLWKEDVHHQJLQHSHUIRUPDQFH
x (PLVVLRQDQDO\VLV7KLVDQDO\VLV LVEDVHGRQWKHPHDVXUHPHQWRI&2+&12[DQGVPRNHRSDFLW\ LQ
WKHH[KDXVWJDV(PLVVLRQGXHWR+&&,FRPEXVWLRQPRGHDQGDUHFRPSDUHGZLWKHPLVVLRQGDWDRIEDVH
HQJLQHLQ6,PRGH
7KHWHVWFRQGLWLRQVIRUZLGHRSHQWKURWWOHSHUIRUPDQFHRIEDVH6,HQJLQH+&&,PRGHDQG+&&,PRGH
LVJLYHQLQ7DEOH(QJLQHVWDUWLQJWULDOVZHUHILUVWFDUULHGRXWWRGHFLGHWKHSRVLWLRQRIWKHLQWDNHDLUKHDWHUDQGWKH
PLQLPXPLQWDNHDLUWHPSHUDWXUHUHTXLUHGWRVWDUWWKHHQJLQHLQ+&&,PRGH%DVHGRQWKHWULDOVHQJLQHVWDUWHGZKHQ
WKH LQWDNH DLU KHDWHU ZDV SODFHG EHWZHHQ WKH DLU ILOWHU DQG WKH FDUEXUHWRU DQG WKH DLU ZDV KHDWHG XS WR &
'HSHQGLQJXSRQWKHUHVSRQVHRIHQJLQHRWKHUSDUWVZHUHDOVRRSWLPL]HGDQGVWDULQJWULDOVZHUHWDNHQZLWKLQWDNHDLU
KHDWHU
7DEOH7HVWFRQGLWLRQVIRUEDVH6,DQG+&&,PRGH
6U1R 3DUDPHWHU %DVH6,0RGH +&&,0-0RGH +&&,0-0RGH
 ,JQLWLRQ7\SH 6SDUN,JQLWLRQ $XWR,JQLWLRQ $XWR,JQLWLRQ
 &RPSUHVVLRQ5DWLR   
 $LU,QWDNH 1DWXUDOO\$VSLUDWHG1$ 1$ 1$
 ,QWDNH$LU7HPSHUDWXUH $WPRVSKHULF7HPSHUDWXUH & &
 ,QWDNH$LU+HDWHU 1R <HV <HV
 0DLQ-HW   
 7KURWWOH&RQGLWLRQ :LGH2SHQ :LGH2SHQ :LGH2SHQ
4.1 Engine performance analysis 
7KHHQJLQHSHUIRUPDQFHWHVWXQGHUFRQYHQWLRQDO6,PRGHDQG+&&,PRGHZHUHFRQGXFWHGDWGLIIHUHQWVSHHGVIRU
WKH VHOHFWHGHQJLQH7KH+&&,PRGHZDVRSHUDWHGZLWK WZRGLIIHUHQW IXHO MHWV DQG7KHSHUIRUPDQFH
FXUYHVIRUSRZHUWRUTXHIXHOFRQVXPSWLRQEUDNHWKHUPDOHIILFLHQF\DQGH[KDXVWJDVWHPSHUDWXUHDUHGLVFXVVHGLQ
WKLVVHFWLRQ7KHJUDSKLFDOFRPSDULVRQRIREVHUYHGWRUTXHEHWZHHQ6,DQG+&&,HQJLQHZLWKWZRGLIIHUHQW0DLQ
MHWVRI WKHFDUEXUHWRU LV VKRZQ LQ)LJXUH D ,W FDQEHREVHUYHG WKDW WKHHQJLQHRSHUDWLQJ LQ+&&,PRGHZLWK
VPDOO MHW KDV JLYHQ EHWWHU WRUTXH FRPSDUHG WR ODUJHU MHWZKLFK FRQILUPV WKH OHDQ EXUQLQJ SKHQRPHQRQ RI+&&,
HQJLQH,WLVDOVRREVHUYHGWKDWHQJLQHLVQRWDEOHWRZRUNDWKLJKORDGVDQGKLJKUSP7KHHQJLQHVSHHGDWPD[LPXP
WRUTXH KDV GURSSHG IURP  USP WR  USP ,W PD\ EH JRRG IRU ORZ VSHHG HQJLQH DSSOLFDWLRQ ZLWK ORZ 
RSWLPXPHPLVVLRQV6LPLODUO\WKHJUDSKLFDOFRPSDULVRQRIREVHUYHGSRZHUEHWZHHQ6,DQG+&&,HQJLQHZLWKWZR
GLIIHUHQW0DLQMHWVRIWKHFDUEXUHWRULVVKRZQLQ)LJXUHE,WFDQEHREVHUYHGWKDWWKHHQJLQHRSHUDWLQJLQ+&&,
PRGHZLWKVPDOOMHWKDVJLYHQKLJKHUSRZHUFRPSDUHGWRODUJHUMHWZKLFKFRQILUPVWKHOHDQEXUQLQJSKHQRPHQRQRI
+&&,HQJLQH,WLVDOVRREVHUYHGWKDWHQJLQHLVQRWDEOHWRVXVWDLQKLJKVSHHG


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
)LJXUH9DULDWLRQRIDWRUTXHESRZHUIRUEDVH6,DQG+&&,PRGH
7KHYDULDWLRQRIIXHOFRQVXPSWLRQRIEDVHHQJLQHDQGPRGLILHG+&&,HQJLQHZLWKWZRGLIIHUHQW0DLQMHWVRIWKH
FDUEXUHWRU LV VKRZQ LQ )LJXUH  D ,W LV REVHUYHG WKDW WKH HQJLQH RSHUDWLQJ LQ +&&, PRGH KDV KLJK IXHO
FRQVXPSWLRQWKDQWKHEDVHHQJLQH)LJXUHEUHSUHVHQWVWKHEUDNHWKHUPDOHIILFLHQF\FRPSDULVRQRIEDVHHQJLQH
DQGPRGLILHG+&&,HQJLQHZLWKWZRGLIIHUHQW0DLQMHWVRIWKHFDUEXUHWRU,WLVREVHUYHGWKDWWKHHQJLQHRSHUDWLQJ
LQ+&&,PRGHKDVORZEUDNHWKHUPDOHIILFLHQF\WKDQWKHEDVHHQJLQH,WPD\EHGXHWRGHFUHDVHLQHQJLQHVSHHGLQ
+&&,PRGHWRREWDLQVDPHSRZHURXWSXWDVLQEDVH6,HQJLQH,WQHHGVWRRSWLPL]HWKHSRZHUDQGVSHHGRIWKH+&&,
HQJLQHWRJHWORZHUIXHOFRQVXPSWLRQDQGKLJKHUSRZHU


)LJXUH9DULDWLRQRIDEUDNHVSHFLILFIXHOFRQVXPSWLRQE%7(IRUEDVH6,DQG+&&,PRGH
7KHJUDSKLFDOUHSUHVHQWDWLRQRIH[KDXVWJDVWHPSHUDWXUHIRU6,DQG+&&,HQJLQHZLWKWZRGLIIHUHQW0DLQMHWVRI
WKHFDUEXUHWRULVVKRZQLQ)LJXUHD,WLVREVHUYHGWKDWWKHHQJLQHRSHUDWLQJLQ+&&,PRGHKDVFRPSDUDWLYHO\
PXFKORZHUH[KDXVWJDVWHPSHUDWXUHDVFRPSDUHGWREDVHHQJLQH7KLVLVGXHWRWKHDXWRLJQLWLRQSURSHUW\RI+&&,
UHVXOWLQJLQUHGXFWLRQRI12[LQHPLVVLRQZKLFKLVGLVFXVVHGLQQH[WVHFWLRQ3HUIRUPDQFHZLWKORZHUVL]HIXHOMHWLV
FRPSDUDWLYHO\KLJKHUWKDQODUJHVL]HIXHOMHWZKLFKSURYHVWKHOHDQEXUQSKHQRPHQRQLQ+&&,3HUIRUPDQFHRIWKH
+&&,HQJLQHFDQEHHQKDQFHGE\SURSHURSWLPL]DWLRQDQGLPSOHPHQWLQJFORVHORRSV\VWHP6LJQLILFDQWUHGXFWLRQRI
LQ F\OLQGHU WHPSHUDWXUH UHVXOWV LQ ORZHU OXEH RLO WHPSHUDWXUH DV ZHOO ,W LV DOVR REVHUYHG WKDW WKH DXWR LJQLWLRQ
SKHQRPHQRQKHOSVLQUHGXFLQJRYHUDOO19+RIWKHHQJLQH

4.2 Engine emissions  analysis 
7KH HPLVVLRQ FKDUDFWHULVWLFV GHVFULEH WKH HQJLQH RXW HPLVVLRQV OLNH 12[ +& &2 7KHVH SDUDPHWHUV ZHUH
UHFRUGHGIRUPRGLILHG+&&,HQJLQHDQGFRPSDUHGZLWKWKDWRIFRQYHQWLRQDO6,PRGHHPLVVLRQV)LJXUHEVKRZV
WKH&2+&DQG12[HPLVVLRQVRIFRQYHQWLRQDO6,PRGHHQJLQH7KH&2HPLVVLRQYDOXHVDUHLQYRODQG+&DQG
12[HPLVVLRQDUHLQSSP7KHUHLVQRDEUXSWFKDQJHLQYDOXHVRI&2ZLWKUHVSHFWWRHQJLQHVSHHG+&HPLVVLRQLV
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GHSHQGHQW RQ WKH TXDOLW\ RI DLU IXHO PL[WXUH SURYLGHG IRU FRPEXVWLRQ 7KH KLJKHU YDOXHV RI +& HPLVVLRQV DUH
REWDLQHGZKHUHWKHDLUIXHOPL[WXUHLVULFKLHDWORZLGOHHQJLQHVSHHGDQGDWUDWHGSRZHUVSHHG/HDVWYDOXHRI+&
LVIRXQGDWUDWHGWRUTXHDQGVSHHGZKHUHWKHDLUIXHOUDWLRLVVWRLFKLRPHWULF7KH12[WUHQGLQFUHDVHVZLWKLQFUHDVH
LQH[KDXVWWHPSHUDWXUHDQGKHQFHPD[LPXPYDOXHRI12[LVREVHUYHGDWUDWHGSRZHUDQGOHDVW12[LVREVHUYHGDW
ORZLGOHVSHHGGXHWRORZWHPSHUDWXUH










)LJXUH9DULDWLRQRIDH[KDXVWJDVWHPSHUDWXUHE&2+&	12[HPLVVLRQIRUEDVH6,DQGFHPLVVLRQVIRU+&&,PRGH
1LWULF R[LGH 12 DQGQLWURJHQGLR[LGH 12 DUH WKHPRVW KDUPIXO SROOXWDQWV HPLWWHG E\GLHVHO HQJLQHV7KH
FRPELQDWLRQRI12DQG12LVNQRZQDV12[8VXDOO\OHYHORI12LQH[KDXVWJDVLVKLJKHUDVFRPSDUHGWR12
+LJK LQF\OLQGHU WHPSHUDWXUH DQGSUHVHQFHRI DWPRVSKHULFQLWURJHQ LQ WKH IUHVK LQWDNHDLU DUH WKH WZR IDYRXUDEOH
FRQGLWLRQVIRUUHDFWLRQRIR[\JHQZLWKQLWURJHQWRIRUP12[HPLVVLRQ0DLQO\12[IRUPDWLRQWDNHVSODFHGXULQJ
FRPEXVWLRQZKHQORFDOL]HGF\OLQGHUWHPSHUDWXUHVGXHWRKHWHURJHQHRXVPL[WXUHH[FHHGWKHFULWLFDOWHPSHUDWXUHDQG
PROHFXOHVRIR[\JHQDQGQLWURJHQ VWDUW FRPELQLQJ0L[WXUHTXDOLW\SOD\VDQ LPSRUWDQW UROH LQ12[IRUPDWLRQ$
KRPRJHQHRXVPL[WXUHEXUQVXQLIRUPO\VRWKDWWKHORFDOL]HGWHPSHUDWXUHGRHVQRWH[FHHGXSWRFULWLFDOWHPSHUDWXUH
DQG KHQFH FRQWUROV OHYHO RI12[ IRUPDWLRQ ,QWURGXFWLRQ RI (*5 JLYHV SRVLWLYH UHVXOWV IRU UHGXFLQJ12[ OHYHO
+LJKHU(*5SHUFHQWDJHUHGXFHVUDWHRIFRPEXVWLRQKHQFHUHGXFHVSHDNF\OLQGHUWHPSHUDWXUHDQGSUHVVXUH,WGLOXWHV
WKHR[\JHQFRQFHQWUDWLRQDOVRWKDWUHGXFHVWKHDYDLODELOLW\RIIUHVKR[\JHQIRU12[IRUPDWLRQ12[HPLVVLRQLQ6,
FRPEXVWLRQPRGHDQG+&&,FRPEXVWLRQPRGHLVJLYHQLQ)LJXUHVEDQGF'LIIHUHQFHLQ12[OHYHOVIRUERWK
6,FRPEXVWLRQPRGHDQG+&&,FRPEXVWLRQPRGHLVVKRZQLQDERYHGLDJUDP7KLVILJXUHVKRZVUHGXFWLRQLQ
12[HPLVVLRQLQFDVHRI+&&,FRPEXVWLRQFRPSDUHGWR&,FRPEXVWLRQPRGH/HYHORI12[IRU+&&,FRPEXVWLRQ
PRGHLVYHU\ORZDVFRPSDUHGWR6,FRPEXVWLRQPRGH,W LVPDLQO\GXHWREXUQLQJRI OHDQKRPRJHQHRXVPL[WXUH
WKDWJLYHVORZHUSHDNWHPSHUDWXUHRIFRPEXVWLRQFKDPEHU
+& HPLVVLRQ LV WKH PHDVXUH RI LQFRPSOHWH FRPEXVWLRQ RI IXHO 7KH OHYHO RI XQEXUQHG K\GURFDUERQV LQ WKH
H[KDXVWJDV LV VSHFLILHG LQ WHUPVRI WKH WRWDOK\GURFDUERQFRQFHQWUDWLRQ JN:K+&HPLVVLRQ LQ6, FRPEXVWLRQ
PRGHDQG+&&,FRPEXVWLRQPRGHLVJLYHQLQDERYHILJXUHV+LJKHU+&HPLVVLRQLVRQHRIWKHGUDZEDFNVRI+&&,
FRPEXVWLRQ/HYHORI+&HPLVVLRQLQ6,FRPEXVWLRQPRGHLVORZHUE\DVFRPSDUHGWR+&&,PRGH,WKDSSHQV
PDLQO\ GXH WR LQFRPSOHWH FRPEXVWLRQ RI IXHO DW ORZHU SHDN F\OLQGHU WHPSHUDWXUH GXH WR KRPRJHQHRXV DQG OHDQ
FRPEXVWLRQ )RU+&&, FRPEXVWLRQ ZKROH F\OLQGHU YROXPH LV IXOO RI KRPRJHQHRXVPL[WXUH RI IXHO DQG DLU WKH
FRPEXVWLRQWHPSHUDWXUHLVORZKHQFHPRUH+&LVJHQHUDWHGEHFDXVHRIWUDSSLQJRIOHDQIXHODLUPL[WXUHLQFUHYLFH
YROXPHDQGRWKHUGHDGYROXPHVSUHVHQWLQWKHFRPEXVWLRQFKDPEHU&DUERQPRQR[LGHHPLVVLRQIURP6,HQJLQHLV
WKH PHDVXUH RI LQFRPSOHWH FRPEXVWLRQ 2QH PDMRU IDFWRU ZKLFK FRQWULEXWHV WR KLJKHU &2 HPLVVLRQ LV ORZ
FRPEXVWLRQWHPSHUDWXUHGXHWROHDQPL[WXUH$WWKLVORZHUSHDNFRPEXVWLRQWHPSHUDWXUHLQWHUPHGLDWHFRPEXVWLRQ
SURGXFWVXFKDV&2FDQQRWEHIXOO\R[LGL]HGLQWR&2$VWKHSHUIRUPDQFHREWDLQHGZLWKPDLQMHWZDVEHWWHU
WKDQWKHSHUIRUPDQFHREWDLQHGZLWPDLQMHWWKHUHIRUHHPLVVLRQGDWDLQ+&&,PRGHLVWDNHQZLWKPDLQMHW
)URPWKHDERYHHPLVVLRQGDWDLWFDQEHQRWHGWKDW12[LQ+&&,PRGHLVUHGXFHGE\DWDFRVWRILQFUHDVHLQ
+&E\$VWKHOLPLWIRU+&LVJUHDWHUWKDQWKHOLPLWIRU12[WKHUHIRUHWKHGHFUHDVHLQ12[DWDFRVWRILQFUHDVH
LQ +& LV DFFHSWDEOH 7KHUH DUH FKDQFHV RI UHGXFWLRQ LQ +& DV ZHOO E\ LQWURGXFLQJ SUHFLVH HQJLQH PDQDJHPHQW
V\VWHP&2HPLVVLRQVLQ6,DQG+&&,PRGHDUHIRXQGWREHDOPRVWVDPH
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,QWKHSUHVHQWUHVHDUFKZRUNH[SHULPHQWVZHUHFDUULHGRXWRQEDVH6,HQJLQHDQGWKHVDPHHQJLQHPRGLILHGWR
+&&,PRGHIRUDQDO\VLVRISHUIRUPDQFHDQGHPLVVLRQFKDUDFWHULVWLFVLQ+&&,PRGH3HUIRUPDQFHZLWKORZHUVL]H
IXHOMHWLVFRPSDUDWLYHO\KLJKHUWKDQODUJHVL]HIXHOMHWZKLFKSURYHVWKHOHDQEXUQSKHQRPHQRQLQ+&&,.QRFNLQJ
ZDVREVHUYHGZLWKKLJK FRPSUHVVLRQ UDWLREXW LW UHGXFHVZLWKGHFUHDVH LQ FRPSUHVVLRQ UDWLR 3HUIRUPDQFHRI WKH
+&&,HQJLQHFDQEHHQKDQFHGE\SURSHURSWLPL]DWLRQDQGLPSOHPHQWLQJFORVHORRSV\VWHP)ROORZLQJDUHWKHPDMRU
FRQFOXVLRQVGUDZQIURPWKHH[SHULPHQWDOVWXG\

x 3HUIRUPDQFH LQ+&&,PRGH LV ORZHU WKDQ WKH6,PRGHZKLFKFDQEH LQFUHDVHGE\SUHFLVHFRQWUROOLQJRI$)
PL[WXUH
x +HDWLQJRILQWDNHDLUUHVXOWVLQGURSRIORZLGOHUDWHGSRZHUDQGPD[LPXPWRUTXHHQJLQHVSHHG
x ,Q6,PRGHORZLGOHVSHHGZDVUSPZKHUHDVLQ+&&,PRGHWKHORZLGOHVSHHGUHGXFHGWRUSP7KH
UDWHGSRZHUVSHHGLQ6,PRGHLVUSPZKHUHDVWKHUDWHGSRZHUVSHHGLQ+&&,PRGHGURSSHGWRUSP
x 7KHRYHUDOOHQJLQHQRLVHYLEUDWLRQDQGKDUVKQHVVZHUHREVHUYHGWREHUHGXFHGLQ+&&,PRGH
x 12[HPLVVLRQGHFUHDVHGE\ZLWK+&&,PRGHDVFRPSDUHGWREDVH6,HQJLQH
x 1RVLJQLILFDQWFKDQJHZDVREVHUYHGLQ&2HPLVVLRQZLWKEDVH6,DQG+&&,PRGH
x +&HPLVVLRQLQFUHDVHGE\ZLWK+&&,PRGHDVFRPSDUHGWREDVH6,HQJLQH
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